ABSTRACT The cross-sectional shapes of the chest and its contained structures have been assessed in post-mortem anatomical sections and from computerised tomographic scans in living subjects. These shapes are described by simple equations that can be used to increase the accuracy of measuring lung volumes from chest radiographs. Radiographic estimates of total lung capacity, using the equations, were compared with plethysmographic and single-breath helium dilution measurements in 35 normal subjects. The postures commonly used for taking chest radiographs were found, on average, to decrease total lung capacity (TLC) and to increase residual volume by about 200 ml when compared with the sitting positions used for the other two measurements (studies made in 18 of the subjects). After correction for this effect, the radiographic estimates of TLC, which measure the displacement volume of the lung, exceeded the plethysmographic estimates of contained gas volume by a mean of 720 ml, which was taken as the volume of tissue, blood, and water in the lungs. The single-breath dilution estimates of TLC fell short of the plethysmographic values by a mean of 480 ml, taken as the volume of contained gas that was inaccessible to helium in 10 seconds. The tomographic studies suggested that the radiographic technique of measuring lung displacement volumes has an accuracy of +210 ml. The method is rapid and simple to use and has intra-and inter-observer variabilities of <1% and <5% respectively. 
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Radiographic methods for measuring lung volume have been known for many years. Most have been based on simple assumptions about the crosssectional shape of the chest. Hurtado and Fray (1933) measured the area of the lungs on posteroanterior (PA) chest radiographs and multiplied this by the PA diameter of the chest measured externally. Kovach et a! (1956) treated the chest as a paraboloid of revolution of the PA radiograph. Barnhard et al (1960) assumed that each lung and the heart were elliptical in cross-section and considered the diaphragm as one-eighth of an ellipsoid. All these methods are dependent for their accuracy on correlations with other methods of measuring lung volume, such as plethysmography or gas dilution. The acceptability of the plethysmograph as a standard for comparison is not entirely above suspicion, especially in patients with lung disease: recent studies by Brown et al (1978b) have suggested that airways obstruction may lead to inaccurate measurement. Previous studies have also neglected the effects of postural differences on static lung volumes, and have applied a single approximate magnification factor to all radiographs.
The (fig 3) . All radiographs used in this study were taken at a distance of 10 ft, but the calculation is straightforward for any circumstances in which the geometry is known. Where this is not practical the magnification factor can be obtained simply and directly by taping coins to the back, front, and sides of the chest and noting their maximum diameters as seen on the radiographs. The precise positions of the coins are not important since it is impossible to place any disc in a field of view without its true diameter being visible.
The accuracy of the method was assessed by taking PA and lateral radiographs of several con- The cross-sectional shapes of the chest and its contained structures were determined from anatomical and tomographic material. The anatomical data were obtained from serial frozen sections of the whole chest reported by Matsukawa et al (1977) and Eycleshymer and Schoemaker (1970) . The areas of the chest, heart, spine, and subdiaphragmatic structures in each slice were measured by planimetry using the digitiser and computer mentioned previously. The PA and lateral diameters of each structure, appropriate to the radiological outlines described earlier, were then measured as illustrated (fig 4 Radiographic estimates of lung volumeStandard 10 ft-150 KeV chest radiographs were taken in the PA and left lateral positions. In the PA position subjects stood with hands on hips and shoulders pressed forward on the film cassette. For the lateral view subjects stood upright with arms clasped tightly about the head and with the left side of the chest against the cassette. The subjects were told of the importance of inspiring completely to TLC and signalled when they had reached this point by pressing a toy "clicker" that was audible to the radiographer behind her screen. The cassette was fitted with a constant subject-film air gap of 5 cm in both views.
Whole-body plethysmography-For these measurements subjects sat upright in a constantvolume whole-body plethysmograph (Fenyves-Gut, Basle). Thoracic gas volumes were determined from inspiratory efforts against a shutter closed at FRC. TLC was obtained from the maximal inspiration that followed release of the shutter. The mean of at least three reproducible measurements was obtained in each subject. Calculated volumes were reduced by 130 ml in all cases to allow for abdominal gas compression (Brown et al, 1978a; Habib and Engel, 1978 scans was -0 5% of a mean chest volume of 8-71 1 (ie 45 ml), and the SD of the error was 2 2% (190 ml).
The average cross-sectional areas of the heart, spine, and subdiaphragmatic region were found to be very close to those of the ellipses generated by their PA and lateral diameters. The errors inherent in the estimation of these volumes from anatomical and tomographic data, by making this assumption, are shown in table 2. The means and standard deviations of these errors are all small (<50 ml). By compiling the mean errors for the chest, heart, spine, and subphrenic volumes from the CT scan data, the total lung volume was found to be underestimated by 125 ml. Combining the variances yields an overall accuracy for the estimation of lung volume of +i=210 ml. Lung volume is calculated from the other volumes so:
Lung vol=vols chest-(heart+spine + subphrenum) + 125 ml Only two subjects had CT scans at both TLC and RV. In both there was little change in the shape of the chest between the two volumes. This suggests that the expansion of the chest is relatively isotropic over the vital capacity range. The cross-sectional shape of the heart, subdiaphragmatic structures and, more predictably, the spine also showed little change between TLC and RV.
The results of the comparison of radiological volume and water displacement volume of the containers are shown (fig 7) . Agreement between the two measurements is extremely close.
The study of the effects of posture on lung volumes showed that TLC was reduced by a mean of 0-71 1 (SD 0 16 1) in the PA radiographic position when compared to the sitting relaxed position, and by 018 1 (SD 0 12 1) in the lateral radiographic position. Residual volume, on the other hand, was increased by 0-20 1 (SD 013 1) in the PA position, and by 0-21 1 (SD 0O14 1) in the lateral position. Accordingly, in the comparison between radiological TLC and the other volume estimates described below, 0 18 1 has been added to the radiological volume, to correct for the postural differences.
LUNG VOLUME COMPARISONS
The mean values for the three lung volumes and the differences between them are shown in table 3. The correlations between radiographic and plethysmographic and helium dilution TLC are shown in figs 8, 9, and 10 respectively. The correlation coefficients were 0-96, 0-95, and 0-97 respectively and were all highly significant statistically (P<0-01, method of least squares).
The mean difference between radiographic and plethysmographic TLC was +0-72 1 (SD 0-37 1) and is attributable to lung tissue, water, and blood volumes. The mean difference between radiographic TLC and helium dilution volume was + 1 19 1 (SD 0 42 1) and this exceeds the above difference by a Table 3 volume of 0-48 1 (SD 0-29 1) which we attribute to the volume of gas in the lungs that cannot be reached by a single breath of helium in 10 seconds. This can be thought of as the effective trapped gas volume. The coefficient of intraobserver variation was 0-56% (SD of the differences was 37-8 ml). Interobserver variability among the three separate observers gave a coefficient of variation of 4-9% (SD of the differences was 0-32 1). 
Discussion
This radiographic method is both rapid and simple to use. Estimation of lung volume from a pair of radiographs takes less than two minutes. The use of computers to reduce the time and tedium of the older manual methods has also been described by others (Paul et al, 1974; Glenn and Greene, 1975; Barrett et al, 1976) . A scanning device and microprocessor are being developed to read the films and do the relatively simple sums, obviating the need for a computer. This will permit wider use of the method. The main advantage of this method is that it uses geometric cross-sectional shape information derived from the chests of living subjects to arrive at a completely independent measurement of the displacement volume of the lungs. The estimates of lung volume that it produces correlate closely with those of the other independent methods used when the differences between what each method measures, and postural effects, are taken into account.
Magnification factors can be simply and accurately measured even under non-standard radiographic conditions. Although it is possible to use individual factors for each of the thoracic structures, the errors introduced by assuming that the heart and spine lie at the true centre of the chest in both PA and lateral projections and using a single magnification factor applicable to this central plane are small, and are minimised by group.bmj.com on June 16, 2017 -Published by http://thorax.bmj.com/ Downloaded from using a long target-film distance that reduces all factors towards unity. Minimising the distance between the patient and the x-ray film is also important in this regard.
Close co-operation between the radiographer and the subject in ensuring that the subject inspires to TLC is essential, and the advantage of letting the subject signal the radiographer to expose the radiograph when he has inspired fully may be of considerable importance in patients with disease of the airways who have a long inspiratory time.
A mean posture correction was applied to the radiological TLC estimates of all subjects in this study for comparison with the estimates by the other methods. This was done because the time and effort spent in measuring postural effects for every patient on a routine basis would be considerable.
The mean value for the difference between radiographic and plethysmographic volumes in the 35 normal subjects was +0-72 1 (SD 0-37 1). This difference should be accountable for by pulmonary blood and tissue volumes, and in fact is very close to the combined values for these volumes measured by other methods. The mean pulmonary blood volume for subjects of the height and weight of those in this study measured by the dye dilution method of McGaff et al (1963) is about 420 ml. Their tissue volume by the method of Sackner et al (1975) using an acetylene rebreathing technique is about 280 ml. The combination of these other estimates gives a volume of blood and tissue of about 700 ml for our subjects. The agreement with our estimate is quite close, although the data of Peterson et al (1978) and Petrini et al (1978) (SD 0-42 1) . These differences may provide a useful index of inhomogeneity of ventilation or gas "trapping" in subjects with airways obstruction, and the combination of radiographic and gas dilution techniques permits such measurements to be made without a body plethysmograph.
The assessment of cross-sectional shape of the heart from CT scans in this study was complicated by the fact that since the scanner did not have the facility for gating with respect to the cardiac cycle, the cardiac image seen on the scans is a composite of the movements of the heart within the chest as well as its size and shape. This accounts for the rather large mean cardiac volume (101 1) obtained from the CT scans. In the anatomical sections, however, shape of the heart was even more accurately approximated by the elliptical estimate and the mean volume was a more realistic 0'77 1. In practice the chance that the heart should be in exactly the same position and state of contraction during the two instants at which the PA and lateral radiographs are taken is small. Mean radiological volume for the heart in the 35 normal subjects was 0-80 1 (SD 04145 1). Since this volume is relatively small compared with those of the whole chest and lungs, small errors due to slightly inaccurate shape assessment are unimportant in lung volume estimation. The method can be used to measure cardiac volume from radiographs and thus may be of use in the study of patients with cardiac disease.
Since the radiographic method is extremely accurate for structures of known geometric shape, its accuracy for estimating lung volume is dependent on that with which the actual volumes of each of the thoracic structures can be estimated from the appropriate PA and lateral dimensions. Combination of the error standard deviations for the chest, heart, spine, and subdiaphragmatic volumes yields an overall accuracy for the measurement of lung volume of +fi210 ml. This is comparable with the accuracy of the body plethysmograph in the estimation of TLC which has been assessed by Barrett et al (1976) as +250 ml, consisting of components of +170 ml each for the thoracic gas volume at FRC (DuBois et al, 1956 ) and the inspiratory capacity components of the plethysmographic method. The reproducibility of the radiographic method is dependent on that of a pair of radiographs taken at TLC and that with which a given set of radiographs can be digitised. The former is difficult to assess because of the radiation exposure required for multiple pairs of radiographs in the same subject. The latter is <1% for a trained observer. 
